We analyze the microcausality of free scalar field on noncommutative spacetime. To adopt the usual Lorentz invariant spectral measure, through the result of the expectation values of the Moyal commutators, for the quadratic operators such as ϕ(x) ⋆ ϕ(x), π(x, t) ⋆ π(x, t), ∂ i ϕ(x, t) ⋆ ∂ i ϕ(x, t), and ∂ i ϕ(x, t) ⋆ π(x, t), we obtain that for the case θ 0i = 0 of the spacetime noncommutativity, the microcausality of free scalar field is satisfied. For the case θ 0i = 0 of the spacetime noncommutativity, the microcausality of free scalar field is violated.
Introduction
The concept of spacetime quantization and noncommutativity was first proposed by Snyder [1] . The mathematical development on noncommutative geometry was carried out by Connes [2] . After that, Doplicher et al. proposed the uncertainty relations for the measurement of spacetime coordinates from the Heisenberg's uncertainty principle and Einstein's gravitational equations [3] . In recent years, spacetime noncommutativity was revealed again in the study of superstring theories [4] . It has resulted miscellaneous studies on noncommutative field theories [5, 6] .
Spacetime noncommutativity can be realized through introducing the canonical commutation relations field theories on ordinary commutative spacetime can be generalized to noncommutative spacetime. For noncommutative field theories, their Lagrangians can be obtained through replacing the ordinary products between field functions by the Moyal star-products. However, it is necessary to point out that there are some differences between the spacetime noncommutative relations (1.1) and the original Snyder noncommutative algebra [1] . The spacetime noncommutative relations (1.1) is based on Doplicher et al. [3] and the results of superstring theories [4] . There are some other forms of the spacetime noncommutative relations adopted in the literature. For example in Ref. [7] , Carlson et al. take θ µν to be a second order tensor operator in order to realize the Lorentz invariance better for noncommutative field theories. More generally, θ µν may have coordinate dependence. For example in Ref. [8] , Yang-Mills theories on noncommutative spacetime described by a coordinate dependent antisymmetric field θ µν (x) is formulated. However, we do not consider the more general form of the spacetime noncommutative relations in this paper. We consider the spacetime noncommutative relation that based on Eq. (1.1).
Spacetime quantization is also a necessarily logical current of the development of quantum theory. We know that the foundation of quantum mechanics canceled the objective reality and existence of practical particles because of the uncertainty relations between coordinates and momentums. Similarly, the foundation of quantum field theory canceled the existence and objective reality of realistic fields because of the noncommutativity of fields and their conjugate momentums. Now according to Eq. (1.1), the spacetime coordinates have become noncommutative operators. This means that the objective reality and existence of the spacetime on experience has been canceled under a very small microscopic scale. Or we can say the experiential spacetime does not exist under a very small microscopic scale. The experiential spacetime is only a presentation. The operatorization of spacetime coordinates carries out the quantization principle thoroughly to spacetime itself. From the noncommutative relations (1.1) we can deduce the uncertainty relations
for the spacetime coordinates. According to the results of Doplicher et al. [3, 9] , the spacetime uncertainty relations take the form 4) where l p is the Planck length of the spacetime. This means that spacetime noncommutativity takes place under the Planck scale. According to the studies of field theories and superstring theories, people can believe that the concept of local field is still valid to the spacetime near the Planck scale. The quantization of spacetime itself can make we believe that the concept of field is universally valid under an arbitrarily small microscopic scale, although there may exist more microscopic structures for matter under the Planck scale. This is because there is a limitation on the precise measurement of the smallist spacetime scale. Under an arbitrary small microscopic scale, the spacetime itself does not exist. But the ordinary field theories are replaced by noncommutative field theories. Therefore noncommutative field theories may be the better and more self-consistent form of field theories.
In this paper, we will study the microcausality problem of noncommutative field theories. Expecially, we will analyze the microcausality of free scalar field on noncommutative spacetime. For the interacting fields, it is not surprising that there may exist the violation of locality and microcausality for quantum fields on noncommutative spacetime. For example the UV/IR mixing phenomena of noncommutative field theories can result the breakdown of microcausality [10, 11] . However, it may be more important for us to analyze whether there exist the breakdown of microcausality for free fields on noncommutative spacetime. This is because the spacetime noncommutative relations (1.1) and uncertainty relations (1.3) make it possible that microcausality may be intrinsically broken on noncommutative spacetime even through for free quantum fields. The spacetime noncommutative relations (1.1) is defined for spacetime coordinates at the same point. Because we will analyze the commutation relations of two field operators on two different spacetime points, we need to generalize Eq. (1.1) to two different spacetime points. Therefore we suppose
This make us possible define the Moyal star-product of two functions on two different spacetime points [6] :
A demonstration for the self-consistency of Eq. (1.5) with Eq. (1.1) is given in the Appendix. For the microcausality problem of quantum fields on noncommutative spacetime, there have been some research works in the literature. In Ref. [12] , Greenberg obtained that [: ϕ(x) ⋆ ϕ(x) :, : ϕ(y) ⋆ ϕ(y) :] ⋆ is nonzero for a spacelike interval even if θ 0i = 0 and thus microcausality is violated for scalar field on noncommutative spacetime. However the result of Ref. [12] is based on an incomplete expansion and quantization of scalar field. In Ref. [13] , through the analyzing of the expectation value 0|[: ϕ(x) ⋆ ϕ(x) :, : ϕ(y) ⋆ ϕ(y) :]|p, p ′ , Chaichian et al. obtained that microcausality is violated for quantum fields on noncommutative spacetime when θ 0i = 0. However, for the microcausality problem, it is more reasonable that the criteria should be given by the expectation values of certain operators between the same state vectors, as we will demonstrate in Sec. II. In Ref. [14] , to suppose that the spectral measure for the expansion of quantum fields is in the form of SO(1, 1)×SO(2) invariance, the authors obtained that microcausality is violated for quantum fields on noncommutative spacetime generally. However, this conclusion is a necessary result of the breakdown of the Lorentz invariance in Ref. [14] . In Ref. [15] , the authors obtained that even the SO(1, 1) microcausality may be violated for quantum fields on noncommutative spacetime through calculating the propagators with quantum corrections.
Our starting point is to expand the quantum fields according to the usual Lorentz invariant spectral measure. We suppose that for quantum field theories on noncommutative spacetime, the usual Lorentz invariance is still satisfied -at least formally, even though it may be violated from quantum corrections of interactions. We believe that if there exist the violation of microcausality for noncommutative field theories, it must be exist in the form in consistency with the Lorentz invariance. This is because Lorentz invariance -the equivalence of all inertial reference systems -may be a more fundamental principle of physics. Therefore we do not suppose θ µν (x) is in the form of SO(1, 1) × SO(2) invariance. We suppose that θ µν (x) is a second order antisymmetric tensor, but we do not suppose θ µν (x) is an operator at that of Ref. [7] . We suppose θ µν (x) is a c-number tensor. This can make the coordinate commutation relations (1.1) and (1.5) be Lorentz covariant. As shown in Ref. [16] , Lorentz invariance for noncommutative field theories can be satisfied if one take θ µν to be a c-number second order antisymmetric tensor. Similarly, we can also demonstrate that the S-matrix of noncommutative field theories are Lorentz covariant if we take θ µν (x) to be a c-number second order antisymmetric tensor. From the point of view of superstring theories, this means that the backgroud NS-NS B-field changes as a second-order antisymmetric tensor when the reference system changes. In addition, we do not exclude the case of θ 0i = 0. Although as announced manywheres that noncommutative field theories with θ 0i = 0 are not reasonable. This is because we believe the time and space are in the equal position. For the quantized and noncommutative spacetime, it should also be as such. Although for such a case, the unitarity may be lost in the S-matrix for noncommutative field theories [17, 18] , we will still consider the general case for θ µν with θ 0i = 0. For the unitarity problem, we think that it may need to search for other resolution ways for noncommutative field theories.
The content of this paper is organized as follows. In Sec. II, we analyze the measurement of quantum fields on noncommutative spacetime and the criteria of microcausality violation. In Sec. III, we calculate the vacuum state expectation value for the Moyal commutator [ϕ(x) ⋆ ϕ(x), ϕ(y) ⋆ ϕ(y)] ⋆ and obtain that microcausality is violated for the case θ 0i = 0 of the spacetime noncommutativity. In Sec. IV, we calculate the non-vacuum state expectation value for the Moyal commutator [ϕ(x) ⋆ ϕ(x), ϕ(y) ⋆ ϕ(y)] ⋆ and obtain that microcausality is violated for the case θ 0i = 0 of the spacetime noncommutativity. In Sec. V, we calculate the expectation values for some other quadratic operators of the scalar field and obtain the similar result as Sec. III and Sec. IV. In Sec. VI, we discuss some of the problems. In the Appendix, we give a demonstration for the self-consistency of Eq. (1.5) with Eq. (1.1) for the spacetime commutation relations. 
The measurement of quantum fields on ordinary commutative spacetime
For quantum field theories, as well as quantum mechanics, what the observer measures are all certain expectation values. We first consider the ordinary commutative spacetime case. We suppose that O(x) is a local observable field operator which depends on spacetime coordinates, and |Ψ is a state vector. Supposing that there are two observers A and B situated at the spacetime points x and y. We first suppose that the observers A and B proceed a physical measurement alone separately. At the spacetime point x, the observer A proceeds a measurement to the state vector |Ψ for the physical observable quantity O. At this time, the observer B does not proceed his or her measurement to the state vector |Ψ at the spacetime point y. The result what the observer A obtains should be Ψ|O(x)|Ψ . Then we suppose the observer A does not proceed his or her measurement to the state vector |Ψ at the spacetime point x. At the spacetime point y, the observer B proceeds a measurement to the state vector |Ψ for the physical observable quantity O. The result what the observer B obtains should be Ψ|O(y)|Ψ . Now we suppose the measurement of the observer A at the spacetime point x and the measurement of the observer B at the spacetime point y for the physical observable quantity O to the state vector |Ψ exist at the same occasion. However the time x 0 may not equal to the time y 0 generally. To the observer A, the state vector |Ψ has been affected by the measurement of the observer B at the spacetime point y. Or we can say observer B's observation instrument has taken an action on the state vector |Ψ There may exist the difference for the measuring results of the observer A and observer B, it is given by
For the usual quantum field theories, they are built up according to the Lorentz covariance principle. They all satisfy the microcausality principle. This means that there does not exist the physical information and interaction with the transmit speed faster than the speed of light. This means that when the spacetime interval between x and y in Eq. (2.1) is spacelike, the result of Eq. (2.1) is zero. Two physical measurements that separated by a spacelike interval do not interfere each other. This is because due to the spacetime interval to be spacelike, the affection of the observer B's measurement or the action of observer B's instrument at spacetime point y on the state vector |Ψ has not propagated to the spacetime point x when the observer A takes his or her measurement to the state vector |Ψ at the spacetime point x. To the observer A, the state vector is still |Ψ , while not O(y)|Ψ . Therefore the measuring result what the observer A obtained is just Ψ|O(x)|Ψ . Thus we have
for the observe A. The same reason as the observe A, the measuring result what the observer B obtained at the spacetime point y is just Ψ|O(y)|Ψ . Thus we have
for the observe B. We can suppose that the state vector |Ψ is in the Heisenberg picture and momentum representation, it does not depend on time and spacetime coordinates, thus we have
Therefore the condition
should be satisfied for a quantum field theory to satisfy the microscopic causality. For two spacetime points that separated by a spacelike interval, if we have
then it means that the measurements of the observer A and observer B interfere each other, although they are separated by a spacelike interval. Or we can say there exist the physical information and interaction with the transmit speed faster than the speed of light. For such a case, equations (2.2) and (2.3) do not stand, although Eq. (2.4) still stands. Thus we cannot deduce the satisfying of Eq. (2.5). For such a case, the microscopic causality for a quantum field theory is breakdown.
Usually for quantum field theories on ordinary commutative spacetime, equation (2.5) can be simplified to
for the satisfying of the microscopic causality principle. For example for scalar field, the fundamental commutator is
It is a c-number function. Therefore we have
Because the commutator [ϕ(x), ϕ(y)] is zero for a spacelike interval, Ψ|[ϕ(x), ϕ(y)]|Ψ is also zero for a spacelike interval. Similarly for the quadratic operator ϕ(x)ϕ(x), we have
(2.10)
Although the result of Eq. (2.10) is not a c-number function, from the fundamental com-
|Ψ is also zero for a spacelike interval. Hence for the quadratic operator ϕ(x)ϕ(x) of the scalar field theory on ordinary commutative spacetime, it satisfies the microscopic causality.
From the above analysis, we can also see that in order to judge whether a quantum field theory satisfies the microcausality, we must calculate the expectation value of the commutator between the same state vector, while not between two different state vectors. In addition, we must calculate the commutator of the same operator, while not two different operators. For example for scalar field theory, we have
It is not zero for a spacelike interval. However this does not mean that scalar field theory in ordinary commutative spacetime violate the microcausality, because · ϕ (x) and ϕ(x) are two different operators. While the criteria for the microcausality violation of Eq. (2.6) is set up for the same operator. For quantum field theories on noncommutative spacetime, we will see that we still need the above demands for the criteria of the microcausality violation.
The measurement of quantum fields on noncommutative spacetime
Next we consider the measurement of quantum fields on noncommutative spacetime. We suppose that there are two observers A and B situated at spacetime points x and y, they proceed a measurement separately on the state vector |Ψ for the locally observable quantity O(x) in the same occasion. For the observer A, the state vector |Ψ has been affected by the measurement of the observer B at the spacetime point y. Or we can say the observer B's observation instrument has taken an action on the state vector |Ψ . The state vector has become O(y)|Ψ . When the observer A takes his or her measurement on the state vector, his or her observation instrument will act on the state vector O(y)|Ψ again. These two sequent actions should be represented by the product operation of the operators. However because now the spacetime is noncommutative, the product operation should be the Moyal star-product, while not the ordinary product. Thus what the measuring result the observer A obtained from his or her instrument should be Ψ|O(x) ⋆ O(y)|Ψ . Or we regard that in noncommutative spacetime, the basic product operation is the Moyal star-product. The reason is that the spacetime coordinates now are noncommutative operators, the ordinary product between field functions and operators that depend on spacetime coordinates now has no meaning. The ordinary product operation is only an instrument to realize the Moyal star-product. While for the understanding of the physical and mathematical result, we need to express them through the experiential spacetime variables, which are c-number variables. This is bacause for the observers, they are recognizing and understanding the world based on the experiential spacetime. Therefore all of the Moyal star-product operations should be carried out according to their expansions as Eqs. (1.2) and (1.6) finally in noncommutative field theories. Similarly for the observer B, the state vector |Ψ has been affected by the action of the observer A's instrument at the spacetime point x. The state vector becomes O(x)|Ψ . What the measuring result the observer B obtained from his or her instrument should be Ψ|O(y) ⋆ O(x)|Ψ .
Supposing that for noncommutative field theories, the microscopic causality is satisfied, this means that there does not exist the physical information and interaction with the transmit speed faster than the speed of light. Thus when the spacetime interval between x and y is spacelike, the affection of the observer B's measurement or the action of observer B's instrument at spacetime point y on the state vector |Ψ has not propagated to the spacetime point x when the observer A takes his or her measurement to the state vector |Ψ at the spacetime point x. These two physical measurements do not interfere each other. To the observer A, the state vector is still |Ψ , while not O(y)|Ψ . Therefore the measuring result what the observer A obtained is just Ψ|O(x)|Ψ . Thus we have
The same reason as the observer A, the measuring result what the observer B obtained at the spacetime point y is just Ψ|O(y)|Ψ . Thus we have
should be satisfied for a noncommutative field theory to satisfy the microscopic causality. If the microcausality is violated for a noncommutative field theory, then there may exist the physical information and interaction with the transmit speed faster than the speed of light. For the two measurements of the observer A and observer B located at x and y with a spacelike interval, the affection of the observer B's measurement at spacetime point y to the state vector |Ψ will propagate to the spacetime point x when the observer A takes his or her measurement to the state vector |Ψ at the spacetime point x, and the affection of the observer A's measurement at spacetime point x to the state vector |Ψ will propagate to the spacetime point y when the observer B takes his or her measurement to the state vector |Ψ at the spacetime point y. These two physical measurements will interfere each other. For such a case, Eqs. (2.12) and (2.13) cannot be satisfied, while we still have Ψ|O(x)|Ψ = Ψ|O(y)|Ψ as that of Eq. (2.4). Therefore generally we have
for a noncommutative field theory to violate the microcausality. Thus we can judge whether the microcausality is maintained or violated for a noncommutative field theory according to Eq. (2.15).
From the above analysis, we can also see that in order to judge whether a noncommutative field theory satisfies the microcausality, we must calculate the expectation values of the commutators of Moyal star-products between the same state vectors, while not between two different state vectors. In addition, we must calculate the Moyal commutator of the same operator, while not two different operators. Different from that of quantum field theories on ordinary commutative spacetime, the Moyal commutators are not c-number functions generally for noncommutative field theories because now spacetime coordinates have become noncommutative operators, as show in Refs. [19, 20] for scalar field and Dirac field on noncommutative spacetime. We cannot move away the state vectors in Eqs. (2.14) and (2.15) for the criteria of the microcausality violation for noncommutative field theories as that in Eq. (2.7) for quantum field theories on ordinary commutative spacetime. We need to evaluate their expectation values generally.
3 The measurement of scalar field between vacuum states on noncommutative spacetime
For scalar field on noncommutative spacetime, its Lagrangian of the free field is given by
Its Hamiltonian density and momentum density are given by [21, 22] 
and
where π(x, t) = · ϕ (x, t). In Ref. [14] , the authors constructed the SO(1, 1) × SO(2) invariant spectral measure for scalar field on noncommutative spacetime. Their starting point is that the noncommutative parameters θ µν (x) should take certain special forms so that they can be invariant under a subgroup SO(1, 1) × SO(2) of the usual Lorentz group. We suppose that the usual Lorentz invariance can be maintained to take θ µν (x) to be a second order antisymmetric tensor, at least formally. Therefore we suppose that we can still expand the free scalar field according to the usual Lorentz invariant spectral measure [23] . For the convenience of the calculation, we take its slightly deformed form such as that of Ref. [24] . Thus we have
for the Fourier expansion of the scalar field. In Eq. (3.4) , we take the spacetime coordinates to be noncommutative. They satisfy the commutation relations (1.1) and (1.5). The commutation relations for the creation and annihilation operators are given by
They are the same as that of the commutative spacetime case. The commutator of the Moyal star-product for the scalar field is defined to be
In Ref. [19] , we calculated the vacuum state and non-vacuum state expectation values for the Moyal commutator (3.6). Through the result of Ref. [19] , we know that the microcausality is satisfied for the linear operator ϕ(x) of the free scalar field on noncommutative spacetime. To be a physical observable quantity, the field operator ϕ(x) is related with the field strength of the scalar field. However we cannot draw the conclusion that the free scalar field on noncommutative spacetime necessarily satisfies the microcausality because there are some other physical observable quantities for the free scalar field. For example this can be seen from Eqs. (3.2) and (3.3). The composition parts of energy and momentum densities are physical observable quantities. In this section, we will study the local field operator ϕ(x) ⋆ ϕ(x), to see whether it satisfies the microscopic causality. The Moyal commutator of the field operators ϕ(x) ⋆ ϕ(x) and ϕ(y) ⋆ ϕ(y) is given by
Because the fundamental Moyal commutator [ϕ(x), ϕ(y)] ⋆ is not a c-number function, as shown in Ref. [19] , we need to calculate the expectation value for Eq. (3.7) in order to investigate whether ϕ(x) ⋆ ϕ(x) satisfies the microscopic causality. As analyzed in Sec. II, this is also the demand of physical measurements. Therefore we need to calculate the function
where |Ψ is a state vector of scalar field quantum system. In Eq. (3.8), we have adopted the normal orderings for the field operators ϕ(x) ⋆ ϕ(x) and ϕ(y) ⋆ ϕ(y). This means that an infinite vacuum energy has been eliminated in the corresponding commutative spacetime field theory. To be the limit of physical measurements, we take the state vector |Ψ in Eq. (3.8) to be the vacuum state |0 . Therefore in this section, we will first calculate the function
For the non-vacuum state expectation value of Eq. (3.8), we will analyze it in Sec. IV. We decompose ϕ(x) into the creation (negative frequency) and annihilation (positive frequency) parts:
where
Here we define kx = k µ x µ . From Eq. (3.10) we have
The normal ordering of the operator ϕ(x) ⋆ ϕ(x) is given by
Here we have made a simplified manipulation for the normal ordering of the Moyal starproduct operator ϕ (+) (x) ⋆ ϕ (−) (x). This is because the result of the Moyal star-product between two functions is related with the order of the two functions. In the Fourier integral representation, we can see that ϕ (−) (x) ⋆ ϕ (+) (x) will has an additional phase factor e ik×k ′ relative to ϕ (+) (x) ⋆ ϕ (−) (x). However in Eq. (3.14) we have ignored such a difference. The reason is that the terms that contain ϕ (−) (x) ⋆ ϕ (+) (x) in the expansion of Eq. (3.9) will contribute zero when we evaluate the vacuum expectation values, as shown in the following. Thus we can ignore such a difference equivalently for the convenience of writing.
To expand : ϕ(x) ⋆ ϕ(x) : ⋆ : ϕ(y) ⋆ ϕ(y) :, we obtain From Eq. (3.15), we can see clearly that the non-zero contributions to the vacuum expectation value of : ϕ(x)⋆ϕ(x) : ⋆ : ϕ(y)⋆ϕ(y) : come from the terms which the most right hand side components of the product operators are the negative frequency operators, and at the same time for these terms the number of the positive frequency component operators are equal to the number of the negative frequency component operators in the total product operators. Therefore we can see that there is only one such term ϕ (+) (x) ⋆ ϕ (+) (x) ⋆ ϕ (−) (y) ⋆ ϕ (−) (y) will contribute to non-zero vacuum expectation value. Thus we have
Similarly, the non-zero contribution to the vacuum expectation value of : ϕ(y) ⋆ ϕ(y) : ⋆ : ϕ(x) ⋆ ϕ(x) : only comes from the part
If we do not use the normal orderings for the operators ϕ(x) ⋆ ϕ(x) and ϕ(y) ⋆ ϕ(y) as that of Eq. (3.7), then in the calculation of the vacuum expectation value for Eq. (3.7), we need to consider the additional four terms which will contribute non-zero results:
However in fact we can obtain that the total vacuum expectation value of such four terms cancel at last. Thus to take the normal orderings for the operators ϕ(x)⋆ϕ(x) and ϕ(y)⋆ϕ(y) has simplified the calculation. Through calculation we obtain 
In Eq. (3.18), the first term of the third line means that two scalar field quanta |k 1 and |k 2 are generated at spacetime point y and annihilated at spacetime point x. Because Moyal star-products depend on the orders of the functions, there is the second term of the third line that is responsible to the first term of the second line. Similarly, the two terms of the fourth line mean that two scalar field quanta |k 1 and |k 2 are generated at spacetime point x and annihilated at spacetime point y. In Eq. (3.18),
The total expression is Lorentz invariant if we suppose that θ µν is a second-order antisymmetric tensor. In the above calculation, we have used Eq. (1.6) of the Moyal star-product of two functions defined on two different spacetime points. Therefore it is necessary for us to generalize the spacetime noncommutative relations (1.1) that defined on the same spacetime point to spacetime noncommutative relations (1.5) that defined on two different spacetime points.
We need to analyze whether the expression of Eq. (3.18) disappears for a spacelike interval. This can be seen through the vacuum expectation value of the equal-time commutator. Thus to take x 0 = y 0 in Eq. (3.18), we have
We expand k 1 × k 2 as
For the case θ 0i = 0 of the spacetime noncommutativity, we have 0|[: ϕ(x, t) ⋆ ϕ(x, t) :, : ϕ(y, t) ⋆ ϕ(y, t) :
We can see that in Eq. (3.21), the integrand is a odd function to the arguments (k 1 ,k 2 ). The integrand changes its sign when the arguments (k 1 ,k 2 ) change to (−k 1 ,−k 2 ), while the integral measure does not change. The integral space is symmetrical to the integral arguments (k 1 ,k 2 ) and (−k 1 ,−k 2 ). This makes the total integral of Eq. (3.21) to be zero. We have seen that the total expression of Eq. (3.18) is Lorentz invariant. This means that for an arbitrary spacelike interval of x and y, the integral of Eq. (3.18) vanishes. Thus we have
(3.22) Therefore microcausality for the quadratic operator : ϕ(x) ⋆ ϕ(x) : of the free scalar field is maintained for the case θ 0i = 0 of the spacetime noncommutativity. For the case θ 0i = 0 of the spacetime noncommutativity, we write e ik 1 ×k 2 as 
In the above integral, the integrand has three parts. The first two parts are odd functions to the arguments (k 1 ,k 2 ). While the integral measure does not change when the arguments (k 1 ,k 2 ) change to (−k 1 ,−k 2 ). The integral space is symmetrical to integral arguments (k 1 ,k 2 ) and (−k 1 ,−k 2 ). Hence the contribution of the first two parts to the integral vanishes. The third part of the integrand is an even function, its contribution to the integral does not vanish. Thus we have In order to evaluate Eq. (4.1), we first need to define the state vector |Ψ for a scalar field quantum system.
Supposing that the state vector |Ψ is in the occupation eigenstate, we can write
where N k i represents the occupation number of the momentum k i . For an arbitrary actual field quantum system, its total energy is finite. Because the occupation numbers N k i take values of finitely integral numbers, the occupation numbers N k i should only be nonzero on finite number separate momentums k i . Otherwise, if N k i take nonzero values on infinite number separate momentums k i , or on a continuous interval of the momentum, the total energy of the scalar field quantum system will be infinite. While for a actual field quantum system, the total energy is always finite. To recognize this point is very crucial for the following analyzing. In Eq. (4.2), we use 0 to represent that the occupation numbers are all zero on the other momentums except for k i . The state vector |Ψ has the following properties [25] : : of scalar field studied in this paper, we can obtain a direct answer for the function A(x, y) of Eq. (4.1). As we will show in the following, such a property is really held for the quadratic operator : ϕ(x) ⋆ ϕ(x) :. However we need to verify such a property. However there are some differences from that of the fundamental Moyal commutator [ϕ(x), ϕ(y)] ⋆ .
For the convenience of the analyzing, we decompose the state vector of Eq. (4.2) into two parts:
In Eq. (4.7), we use |(k 1 )(k 2 ) · · · (k i ) · · · 0 to represent that the state is on the vacuum however the finite number separate momentums k i are eliminated from the arguments of k for such a vacuum state. And we use |N k 1 N k 2 · · · N k i · · · to represent a non-vacuum state with which the arguments only take the finite number separate values k i . On these separate k i , the occupation numbers are N k i , N k i take values of finitely integral numbers. Then for Eq. (4.1), we can write
We can see that the last two parts of Eq. (4.8) are all zero, because their arguments of the momentum k will not match with each other for the bras and kets. Hence we have
For the first term of Eq. (4.9), its calculation is just like that of Eq. (3.18), except that the separate momentums k i should be eliminated from the final integral measure. Thus according to the result of Eq. (3.18), we obtain
In Eq. (4.10), we use (k i eliminated) to represent that in the integral for k a and k b , a set of finite number separate points k i is eliminated from the total integral measure of k a and k b respectively. We can write Eq. (4.10) equivalently in the form
In Eq. (4.11), we use (only on k i ) to represent that in the second integral, the integral is only taken on a set of finite number separate points k i for k a and k b respectively. Because the integrand is a bounded function, while the integral measure is zero for the second integral, from the theory of integration (for example see Ref.
[26]), we obtain that the second part of Eq. (4.11) is zero. Therefore we obtain Or we can write
For the second term of (4.9), we have
We first analyze the first term of Eq. (4.14). We can find from Eq. (3.15) that the nonzero contributions not only come from the operator
) that with the equal numbers of negative frequency and positive frequency components. Similarly for the second term of Eq. (4.14). For the total integrand generated from these operators, we note it as G(k a , k b , x, y). We can write Eq. (4.14) as
Through analyzing we know that generally, the integrand G(k a , k b , x, y) is not equal to the integrand of Eq. (4.12). However in fact we need not to obtain its explicit form. This is because its contribution to the integral of Eq. (4.15) is zero. The reason is that the integral of G(k a , k b , x, y) is only taken on finite number separate points of k a and k b , their total integral measure is zero. While the integrand G(k a , k b , x, y) should be a bounded function. This makes the total integral of Eq. (4.15) be zero from the theory of integration (for example see Ref. [26] ). Therefore we obtain
To combine the results of Eqs. (4.12) and (4.16) together, we obtain Or we can write
Therefore we obtain A(x, y) = A 0 (x, y), which is a universal function for an arbitrary state vector of Eq. (4.2). Thus for the quadratic operator : ϕ(x) ⋆ ϕ(x) : of free scalar field, its microcausality under the measurement of non-vacuum states is equivalent to the measurement under the vacuum state. Hence from the result of Sec. III, we have
19) which means that microcausality is maintained for the quadratic operator : ϕ(x) ⋆ ϕ(x) : of the free scalar field for the case θ 0i = 0 of the spacetime noncommutativity. For the case θ 0i = 0, for the equal-time commutator, like that of Eq. (3.25), we have . To summarize, we have obtained in Sec. III and this section that microscopic causality for the quadratic operator ϕ(x, t) ⋆ ϕ(x, t) of free scalar field on noncommutative spacetime is satisfied for the case θ 0i = 0 of the spacetime noncommutativity, and is violated for the case θ 0i = 0 of the spacetime noncommutativity.
5 The measurement of some other quadratic operators for scalar field on noncommutative spacetime
In this section, we analyze the microcausality for some other quadratic operators of free scalar field on noncommutative spacetime. These quadratic operators include π(x, t)⋆π(x, t), ∂ i ϕ(x, t) ⋆ ∂ i ϕ(x, t), and ∂ i ϕ(x, t) ⋆ π(x, t). From Eqs. (3.2) and (3.3), we can see that these quadratic operators are composition parts of the energy-momentum density. We first calculate their vacuum expectation values. To be brief, we omit to write down the process. From the result of Eq. (3.18), we can obtain
We can see that the differences of these integrals to Eq. (3.18) lie in the coefficient factors, such as ω We can also obtain the vacuum expectation values of the equal-time Moyal commutators for these operators respectively. They are given by
Like that in Sec. III, we write k 1 × k 2 as
For the case θ 0i = 0 of the spacetime noncommutativity, we have 0|[: π(x, t) ⋆ π(x, t) :, : π(y, t)) ⋆ π(y, t) : 3) are not Lorentz invariant functions, this does not mean that microcausality will violate for an arbitrary spacelike interval of x and y, because the Lorentz un-invariance of these integrals come from the fact that the considered operators are not Lorentz invariant themselves. Therefore from the above results we can say that microcausality is maintained for these quadratic operators for the case θ 0i = 0 of the spacetime noncommutativity.
For the case θ 0i = 0 of the spacetime noncommutativity, we write e ik 1 ×k 2 as
To substitute Eq. (5.11) in Eqs. (5.4)-(5.6), and to remove away the odd function parts in the integrands that will contribute zero to the whole integrals, we obtain 0|[: π(x, t) ⋆ π(x, t) :, : π(y, t)) ⋆ π(y, t) : To be complete, we also need to analyze the non-vacuum state expectation values for these operators. However, we can obtain that for the non-vacuum state expectation values of these operators, similarly as that of Sec. IV for the operator ϕ(x, t)⋆ϕ(x, t), their results are the same as the corresponding vacuum state expectation values. The conclusions for the microcausality for the non-vacuum state expectation values of these operators are also the same as that for the vacuum state expectation values of these operators. Therefore we omit to write down them here explicitly.
To summarize, the microcausality properties for the quadratic operators π(x, t) ⋆ π(x, t), ∂ i ϕ(x, t) ⋆ ∂ i ϕ(x, t), and ∂ i ϕ(x, t) ⋆ π(x, t) are the same as the quadratic operator ϕ(x, t) ⋆ ϕ(x, t). For the case θ 0i = 0 of the spacetime noncommutativity, they satisfy the microcausality. For the case θ 0i = 0 of the spacetime noncommutativity, they do not satisfy the microcausality.
Conclusion
In the above sections, we have studied the microcausality property of free scalar field on noncommutative spacetime. We first analyzed the measurement of quantum fields on noncommutative spacetime and the criteria of microcausality violation. We point out that in order to study whether quantum fields on noncommutative spacetime satisfy the microcausality, we must calculate the expectation values of the commutators of Moyal starproducts between state vectors. In addition, we must calculate the Moyal commutator of the same operator, while not two different operators. We consider that in noncommutative spacetime, the basic product operation is the Moyal star-product. While the ordinary product operation is only an instrument to realize the Moyal star-product. For free scalar field on noncommutative spacetime, we analyzed its microcausality for the quadratic operators including ϕ(x) ⋆ ϕ(x), π(x, t) ⋆ π(x, t), ∂ i ϕ(x, t) ⋆ ∂ i ϕ(x, t), and ∂ i ϕ(x, t) ⋆ π(x, t). We obtain that for θ 0i = 0 of the spacetime noncommutativity, the microcausality of free scalar field is satisfied. For θ 0i = 0 of the spacetime noncommutativity, the microcausality of free scalar field is violated. For the microcausality of free Dirac field on noncommutative spacetime, we will discuss it in a following paper.
Based on the principle of the equivalence of all inertial reference systems, we assume that θ µν changes as a c-number second order antisymmetric tensor when the reference system changes. We consider that θ µν are the same constants in all static reference systems where the observer himself or herself lies. In addition, we consider that time coordinate is in the equivalent position to the space coordinates, for the quantized and noncommutative spacetime, it should also be as such. Therefore we do not assume θ 0i to be zero generally. Although for such a case, the unitarity may be lost in the S-matrix for noncommutative field theories [17, 18] . For the unitarity problem, we consider that perhaps it need to search for other resolution ways for noncommutative field theories. We have adopted the usual Lorentz invariant spectral measure for the expansion of the free scalar field on noncommutative spacetime.
For the microcausality problem of quantum fields on noncommutative spacetime, there have been some research works in the literature. There are some differences between the result of this paper and others. In Ref. [12] , Greenberg obtained that [: ϕ(x) ⋆ ϕ(x) :, : ϕ(y) ⋆ ϕ(y) :] ⋆ is nonzero for a spacelike interval even if θ 0i = 0 and thus microcausality is violated generally for scalar field on noncommutative spacetime. However we can see that the result of Ref. [12] is based on an incomplete expansion and quantization of scalar field. There is only the positive frequency (annihilation) part in the Fourier expansion of Ref. [12] . While for the complete expansions and quantization of quantum fields on noncommutative spacetime, we cannot obtain that their Moyal commutators are c-number functions directly, because of the noncommutativity of the spacetime coordinates. In order to obtain the cnumber results for the Moyal commutators, we need to evaluate their expectation values. In Ref. [12] , the author also obtained that [: ϕ(x) ⋆ ϕ(x) :, ∂ µ : ϕ(y) ⋆ ϕ(y) :] fails to vanish for a spacelike interval of x and y. However, as analyzed in Sec. II of this paper, for the microcausality problem of quantum fields, we need to study their commutators of the same operator, while not two different operators. This can be seen from the commutator [ · ϕ (x, t), ϕ(x ′ , t)] of the free scalar field on usual commutative spacetime. It is not zero for a spacelike interval. However this does not mean that scalar field in ordinary commutative spacetime violate the microcausality, because · ϕ (x) and ϕ(x) are two different operators. In Ref. [13] , through the analysis of the expectation value 0|[: ϕ(x) ⋆ ϕ(x) :, : ϕ(y) ⋆ ϕ(y) :]|p, p ′ , Chaichian et al. obtained that microcausality is violated for quantum fields on noncommutative spacetime when θ 0i = 0. However, for the microcausality problem of quantum fields, it is more reasonable that the criteria should be given by the expectation values of certain operators between the same state vectors. In Ref. [14] , through supposing that the spectral measures of quantum fields are in the form of SO(1, 1) × SO(2) invariance, the authors obtain that microcausality is violated for quantum fields on noncommutative spacetime generally. However, this conclusion is a necessary result of the breakdown of the Lorentz invariance in Ref. [14] . In Ref. [15] , the authors obtained that even the SO(1, 1) microcausality may be violated for quantum fields on noncommutative spacetime through calculating the propagators with quantum corrections. As pointed out in the Introduction, the starting point of this paper is different from that of Refs. [14, 15] .
However, we need to point out that the microcausality problems discussed in this paper are only restricted to free fields. For the coupling fields on noncommutative spacetime, there may exist more possibilities to violate the microcausality. For example in Refs. [27, 28] , the authors obtained that causality is violated for noncommutative field theories in the scattering processes when θ 0i = 0. In addition because there exist the UV/IR mixing phenomena [10] for quantum field theories on noncommutative spacetime, the infrared singularities that come from non-planar diagrams may result the existence of nonlocal and instantaneous interactions [11] . This will destroy the microcausality for quantum fields on noncommutative spacetime in the interactions, even if θ 0i = 0. On the other hand for nonlinear noncommutative waves, according to the result of Ref. [29] , they have infinite propagation speed. In Ref. [30] , the authors have found that for the solitons in noncommutative gauge theories, they can travel faster than the speed of light with an arbitrary speed. These phenomena [29, 30] mean that for noncommutative field theories, there may exist the instantaneous interactions even though for their classical field theories. They do not obey the locality and causality principle generally. 
We must take notice that the origin of coordinates in noncommutative spacetime is not a c-number either. It is also an operator. We can write it as 0. We must have
and similarly [0 µ , x ν ] = iθ µν .
Thus we need to notice that x µ − 0 µ = ∆x µ = x µ .
